Introduction
Hardness is a key parameter for most of the applications involving WC-Co composites (cemented carbides commonly referred to as hardmetals): from tools used for machining, drilling and mining operations, through dies employed in the forging and stamping industries, to wear and precision parts used in different industrial sectors. Furthermore, because its measurement is relatively simple and practical, hardness has historically been the preferred property to be used for (1) comparison among different hardmetal grades as well as with other hard materials, (2) assessment of potential enhanced performance through developments in microstructural design, and (3) basic quality control at both technological and scientific levels.
Literature focused on hardness of WC-Co composites is not only extensive in number of published papers but also broad in terms of either followed approach (experimental, analytical and/or theoretical) or/and length scale implicit to the testing procedure (macro-, micro-and nanoindentation). This may be evidenced in the exhaustive review recently published by Shatov and coworkers [1] . Main aim behind most of these investigations has been to understand microstructure-hardness relationship (e.g. Refs. [2] [3] [4] [5] [6] ) on the basis of proposed models involving microstructural description and in situ mechanical property assessment for each constitutive phase: rigid WC single crystals and the cementing metallic binder (e.g. Refs. [1, 2, [7] [8] [9] [10] [11] ). In this regard, many of these studies have provided a relatively satisfactory agreement between experimental and estimated data by recalling diverse assumptions at the corresponding small length scale, such as in situ hardness for both phases obeying Hall-Petch relations independently from each other or constraint factors for individual phases and composite being the same. On the other hand, orientation dependence of hardness for WC single crystals, although being established [12] [13] [14] [15] [16] [17] [18] [19] , is usually not considered in the referred studies. Possible reason for such treatment is the continuous recalling of indentation size effects on microhardness or nanohardness measurements [3, [17] [18] [19] [20] [21] [22] , a phenomenon that may somehow question the effective relevance of this hardness anisotropy for better modelling or analytical outcomes.
Following the above ideas, this study attempts to evaluate the in situ hardness of the constitutive phases of a WC-Co composite on the basis of considering this material as effectively heterogeneous at the microstructure scale, i.e. consisting of three phases defined by either different chemical nature (binder and carbides) or distinct carbide crystal orientation (i.e. carbides with surface normal perpendicular to either basal or prismatic planes). Within this context, reliable assessment of properties at small length scale for each effective phase may be attained by means of statistical indentation techniques, adapting the experimental and analysis procedure proposed and validated for evaluating in situ nanomechanical properties of highly heterogeneous materials (such as concrete, bone or shale) by Ulm and coworkers [23] [24] [25] [26] . Such a protocol includes performing large grids of nanoindentations on the cemented carbide under consideration, followed by subsequent analysis of the results using statistical techniques. Successful implementation of this technique requires that each indentation test could be treated as an independent statistical event; thus, proper selection of both grid size and indentation depth becomes critical. Accordingly, aiming to define optimal nanoindentation testing parameters, discrete nanoindentation events are first investigated on the composite (WC-Co) as well as in individual carbides of known orientation. On the basis of the experimental data gathered, estimates of mean and standard deviation of small-scale hardness for each defined mechanical phase are then extracted from statistical deconvolution of the indentation results. Because the relatively high length scale ratio between nanoindentation depth and binder mean free path, evaluation of intrinsic hardness of the constrained metallic phase requires and additional deconvolution analysis for quantitative account of the influence of surrounding WC particles. It is done by implementing established thin film models and consideration of Berkovich tip geometry. Finally, yield stress of the constrained binder is estimated on the basis of the in situ hardness values assessed for the metallic phase.
Experimental procedure
An experimental WC-Co composite grade supplied by Sandvik Hyperion (Coventry, United Kingdom) was studied. A field emission scanning electron microscopy (FESEM) image of the material investigated is shown in Fig. 1 . Carbide contiguity was assessed from best-fit equations following empirical relationships given by Roebuck and Almond [27] , but extending them to include carbide size influence on the basis of extensive analysis of data from open literature [28, 29] . Binder mean free path was finally estimated from the carbide contiguity data [27, 30] . Data attained was finally validated by experimental measurement (discrete rather than statistical) of thickness of binder pools following the interception linear method. The corresponding microstructural parameters are: nominal weight fraction of binder, %wt. Co = 11%; mean grain size of WC, d WC = 1.12 ± 0.71 m, mean free path in binder, λ Co = 0.42 ± 0.28 m, and carbide contiguity, C WC = 0.38 ± 0.07.
Nanoindentation tests were performed on a Nanoindenter XP (MTS) with a calibrated Berkovich tip, and the obtained data were analyzed using the Oliver and Pharr method [31, 32] . Surface to be indented was carefully polished with diamond paste down to 3 m, with a final polishing step with colloidal silica. Three different sets of experiments were done at two distinct maximum penetration depths, 1000 nm and 200 nm. First, the possible indentation size effect or tip defect interactions for the WC-Co composite was determined through a homogeneous array of 100 imprints (10 by 10). They were performed at 1000 nm of maximum penetration depth with a constant distance between each imprint of 50 m, in order to avoid any overlapping effect. After that, single indentations in the middle of selected grains were done to study and determine hardness anisotropy for the WC phase. These specific nanomechanical tests were conducted at 200 nm of maximum penetration. WC grains chosen for these tests corresponded to those with well-defined crystal orientation, i.e. either basal or prismatic, with respect to indentation axis. Such orientation information was attained through electron back-scattered diffraction (EBSD) analyses, carried out on a JEOL 7001F FESEM equipped with an orientation imaging microscopy system. In general, the diffraction response of grains oriented with a surface normal near the basal direction was sufficient for indexing with beam current in the order of 1 nA. EBSD measurements were performed with a constant scanning step of 100 nm, at an acceleration voltage of 20 kV and beam probe currents up to 9 nA. The nanomechanical study was combined with a topographic study of nanoindentation imprints. Surface observations were conducted by FESEM at 20 kV. Finally, a statistical analysis was performed over 1400 nanoindentations performed in an array of 70 by 20 imprints, according to the method proposed by Ulm and coworkers [23] [24] [25] [26] . On the basis of the results attained in the individual nanomechanical tests, indentation maximum penetration depth and the distance between two successive imprints were chosen as 200 nm and 5 m, respectively. Such nanoindentation testing parameters guarantee each indentation test could be treated as an independent statistical event, as results were not affected by either indentation size or overlapping effects. Foundations behind statistical data analysis following Ulm et al.'s approach [26] will be briefly described within the corresponding results and discussion section later.
Results and discussion

Indentation size effect on the WC-Co composite studied
Possible indentation size effect (ISE) or tip defect interactions were evaluated by plotting the ratio between applied load and stiffness squared (P/S 2 ) as a function of the displacement into surface in Fig. 2 . This quantity is independent of the contact area, and therefore do not depend on the calibration of the tip. As it may be seen from the resulting graph, P/S 2 data becomes independent of indenter penetration as the latter gets deeper than 175 nm. On the other hand, for indents shallower than 175 nm the values are strongly affected by length scale or indentation size effects, as reported elsewhere [18, 19] . Accordingly, aiming to avoid any scale or size effects, penetration depth for the lowload nanoindentations conducted in this study was defined as 200 nm. Fig. 3 presents local crystallographic orientation of WC grains, as determined by EBSD for two generic and different regions of the material studied. The inset in region 2 shows corresponding mapping of normal direction orientation (ND) in terms of colour characteristics. It allowed clear identification of WC grains with well-defined crystallographic orientations, particularly those exhibiting ND close to surface normal of basal and prismatic planes (e.g. carbides 1 and 2 respectively). Nanoindentations were then selectively performed at 200 nm of maximum penetration depth, where no size indentation and/or scale effects would affect the intrinsic indentation hardness of the carbide phase, as depicted in Fig. 2 . Fig. 4 displays representative indentation loading-unloading curves for single indentations performed on WC grains with ND Fig. 3 . Local crystallographic orientation determined by EBSD for two generic and different regions, using IPF colouring for the WC phase.
Intrinsic hardness of WC grains with different crystal orientations
Step size = 0.1 m. Fig. 4 . Indentation loading-unloading curves (or P-h curves) for WC basal plane, WC prismatic plane and constrained metallic binder, at 200 nm of maximum penetration depth. P-h curves for WC prismatic plane and metallic binder have been shifted 25 and 50 nm respectively, to clearly discern the pop-in events in the loading curve.
close to surface normal of basal and prismatic planes. Black arrows indicate discontinuities (pop-ins) detected during the loading part of the indentation test. These pop-in events can be associated with plastic deformation micromechanisms becoming operative as load is increased. As it may be appreciated in this figure, pop-ins during indentation of prismatic plane emerge earlier (with respect to both applied load and penetration depth) and are more pronounced than those discerned for the basal one.
Typical curves of indentation hardness as a function of penetration depth for carbides exhibiting basal and prismatic orientations are shown in Fig. 5 . Hardness values stabilize for penetrations higher than 75 nm, yielding plateau values of 32 and 24 GPa respectively. Relative differences of about 20-30% higher for basal-like orientations than for prismatic-like ones were a common trend, in agreement with hardness anisotropy reported in the literature for WC crystals [13] [14] [15] [16] 18, 19] . 
Statistical evaluation of hardness: Intrinsic values for the phases under consideration and flow stress for the constrained metallic binder
Indentation depth and grid size are critical parameters to take into consideration for implementing the statistical method proposed by Ulm and coworkers to assess hardness response of heterogeneous materials [23] [24] [25] [26] . When tests are performed at high penetration depths (Fig. 2) , the mechanical response corresponds to the average one of all the different phases present in the WC-Co composite, defined by either different chemical nature (binder and carbides) or distinct carbide crystal orientation (i.e. carbides with surface normal perpendicular to either basal or prismatic planes). On the other hand, when tests are performed at small length scale, it is possible to confine the imprint as well as the plastic field inside each individual phase; thus, their intrinsic hardness can be obtained. Furthermore, it is necessary to mention that a large number of imprints will increase the accuracy of the results.
Theoretical framework behind Ulm and coworkers approach [26] is based on considering a sample composed by several i distinct phases (in this investigation defined in terms of either chemical nature or carbide crystal orientation: Co, WC, basal and WC, prismatic ) with different mechanical properties. This method assumes then that distribution (p i ) of the mechanical properties (H) of each phase follows a Gaussian distribution as follows:
where σ i is the standard deviation and H i is the arithmetic mean for each of the number of indentations (N i ) on the material phases (i). Then, the cumulative distribution function (CDF) using a special sigmoid shape error function can be written as follows:
The fitting process was programmed to be completed when the χ 2 tolerance was less than 1 × 10 −15 , with a final coefficient of determination (R 2 ) value of 0.993.
In order to obtain a representative distribution of the hardness properties in the heterogeneous WC-Co composite sample, a grid of 1400 indentations was performed in the specimen of interest. Fig. 6 is a FESEM image of a small region of the small-scale indentation array, performed by applying 200 nm of maximum penetration depth with a constant distance between each imprint of 5 m. It is important to underline that the size of the residual imprint should be smaller than the size of the individual WC grains, enabling the separation of each phase: cobalt binder, WC, basal and WC, prismatic .
In Fig. 7a the hardness histogram with a constant bin size of 1500 MPa, determined from 1400 indents, presents three peaks centred at different mean values ( Table 1 ). The higher value peaks, at about 30 and 22 GPa, are attributed to the basal and prismatic planes, in fair agreement with results reported in the literature [13, 15, 16, 18, 19, 33] . These values fits with the results also reported in Fig. 5 (Section 3.2) . The lowest value peak, between 11 and 12 GPa, is associated with the metallic binder phase and it is presented here as one of the main outcomes of this investigation because it represents an experimentally measured and statistically significant value of the effective hardness of the constrained binder. Nevertheless, reliable assessment of the intrinsic hardness for the constrained cobalt requires further analysis. Main reason behind it is the fact that length scale ratio between nanoindentation depth and binder mean free path is relatively high (about 0.5, i.e. higher than aimed 0.1 or lower values); Table 1 Summary of the hardness and standard deviation for the different phases (binder and carbides with different crystallographic orientations) obtained through the statistical method fitting. thus, hardness and stiffness of the surrounding carbides must be affecting small-scale properties determined for the metallic phase as is depicted in Fig. 8 , where individual indentations done within each constitutive phase (metallic binder and WC particle) are shown. Within this context, the value of intrinsic hardness for the constrained cobalt was deconvoluted from the experimental values by implementing established thin film models. The use of thin films models are expected to yield reasonable values of hardness as the lateral stiffness is considered low in comparison to the normal stiffness, due to the large opening angle of the Berkovick tip [34] . In this study, the models of Korsunsky et al. [35] and Puchi-Cabrera et al. [36] were used by considering the WC-Co composite as the effective substrate of a binder thin film. They are described by Eqs. (3) and (4) respectively, as follows:
where H c (WC-Co composite), H f (Co binder) and H s (WC particles) are the composite, film and substrate hardness, respectively; while β is the relative indentation depth and k is a constant related to the film thickness.
where k and n represent material parameters that characterize the change in hardness as the indenter passes from the film to the substrate. As a result, an intrinsic hardness of the constrained cobalt binder (without the influence of the surrounding WC particles) was calculated to be 8.1 ± 3.0 GPa. These values are about 40% lower than those listed in Table 1 , sustaining then the strong influence of the neighbouring WC particles on the original hardness data for the metallic phase.
To the best knowledge of the authors, although experimental hardness values have been reported for the metallic binder, the wide experimental scatter (within the range of 5-15 GPa [8, 19] ) and the limited statistical analysis of the data do not allow to use them as reliable data for modelling and/or microstructural design optimization. In particular, accurate data for the intrinsic hardness of the constrained binder phase (i.e. one that accounts not only for the solid solution strengthening by dissolved tungsten and carbon but also for the limitation of slip length by the adjacent carbide crystals) is fundamental for formulating useful and reliable hardness and toughness models. Regarding hardness modelling attempts, in previous studies it has been estimated by considering the hardness of bulk cobalt (or Co W C dilute alloys) as baseline and assuming it obeys a conventional Hall-Petch relationship [1, 2, [7] [8] [9] [10] [11] . This is also the case for toughness modelling, where the flow stress (σ flow ) for the constrained metallic binder (a critical parameter for reliable evaluation of the energy expended in the flow and fracture of the reinforcing ductile ligaments [37] [38] [39] ) has been calculated through simple conversion of previously estimated intrinsic hardness data. Accordingly, σ flow has been reported as the ration between the measured Vickers hardness (H V ) and a constraint factor (ψ), commonly taken as 3 for soft ductile metals but reported to range from 3 to 4 for WC-Co cemented carbides depending on binder content or carbide grain size [40] . After consideration of a correction factor of 0.9 in ψ, as related to consideration of Berkovich geometry instead of a Vickers one for the material studied [41] , the use of experimental and statistically significant intrinsic hardness values measured in this work yields a flow stress ranging from 1.8 to 2.4 GPa for the constrained metallic binder of the WC-Co composite studied. Such values are in satisfactory concordance with those estimated (but not experimentally determined) by Sigl and Fischmeister [38] , between 2.2 and 2.6 GPa, for a wide set of WC-Co cemented carbides with microstructural characteristics similar to those exhibited by the grade here studied. As a consequence, the statistical indentation approach may be described as an appropriate tool for reliable assessment of microstructural effects on local properties of constitutive phases of WC-Co composites.
Conclusions
In this study, experimental and statistical nanoindentation techniques have been implemented for assessment and analysis of the mechanical response of the constitutive phases of WC-Co composites. The main conclusions are as follows:
1. Reliable intrinsic hardness values are analyzed and determined for the three phases defined, by either different chemical nature (carbides and constrained binder) or distinct carbide crystal orientation (i.e. carbides with surface normal perpendicular to either basal or prismatic planes), in the material under study. It supports the consideration of WC-Co cemented carbides as materials effectively heterogeneous at the microstructure scale, and validates then the implementation of statistical indentation techniques for determining small-scale properties intrinsic to their constitutive phases. 2. Maximum penetration depth and the distance between two successive imprints of 200 nm and 5 m respectively, are found to be suitable nanoindentation testing parameters for successful implementation of statistical indentation techniques in cemented carbides. On the basis of microstructure scale and mechanical response of these materials, such parameters guarantee each indentation test could be treated as an independent statistical event. Nevertheless, additional data analysis is required for assessment of intrinsic hardness of the constrained cobalt (whose binder mean free path is just twice the nanoindentation depth), in order to quantify the influence of the surrounding carbide grains. 3. A clear and defined hardness anisotropy is evidenced for WC crystals. In this regard, hardness for the basal plane is about 20-30% higher than for the prismatic one. 4. For the first time, a statistically significant value of the intrinsic hardness of the Co-base binder constrained by the WC grains has been reported. It is based on experimental data, later corrected to consider the influence of surrounding carbide grains by implementing established thin film models. The determined value accounts for the strengthening of the plastic-constrained metallic phase, and is in agreement with values previously estimated in the literature. Such data are critical as input parameter for hardness and toughness modelling as well as for microstructural design optimization of WC-Co composites.
